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ABSTRACT 


Silicon  nitride  is  an  excellent  candidate  for  many  engineering  ceramics.  Slip  casting 
is  a  promising  method  for  forming  these  ceramics. 

This  study  examines  some  of  the  parameters  relevant  to  slip  casting  and  the  green 
state  of  silicon  nitride.  Of  these  parameters,  viscosity  was  found  to  be  one  of  the  most 
important.  Generally,  it  is  desirable  to  keep  the  slurry  viscosity  low  with  the  solids  con¬ 
tent  as  high  as  possible.  Outside  of  particle  size  and  shape,  the  primary  viscosity  control¬ 
ling  factor  is  the  chemistry  of  the  interface  between  the  silicon  nitride  particles  and  the 
suspending  medium.  The  roles  played  by  pH  adjustments  and  dispersing  agents  in  this 
regard  are  examined.  Viscosities  and  green  densities  for  different  solids  loading  were 
determined.  The  ultrasonic  moduli  was  also  determined. 

A  relatively  narrow  range  of  slurry  solids  concentrations  resulted  in  good,  uncracked 
green  bodies.  A  linear  relationship  between  the  ultrasonic  moduli  and  the  green  density 
was  observed. 
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INTROOUCnON 

The  superior  high-temperature  properties  of  silicon  nitride  are  well  known.  It  has  good 
strength,  excellent  high  temperature  strength,  oxidation  resistance,  and  is  resistant  to  thermal 
shock.  These  properties  make  silicon  nitride  a  good  choice  for  many  structural  ceramics. 
Additionally,  its  high  thermal  conductivity  and  low  dielectric  constant  make  it  a  possible  candi¬ 
date  for  electronic  substrates. 

Knowledge  in  the  areas  of  characterization,  machining,  and  proper  firing  parameters  is 
growing  and  crucial  to  the  production  of  modern  ceramics.  Such  knowledge  also  makes  it 
increasingly  evident  that  a  poor  initial  green  body  cannot  result  in  a  good  final  product. 

Many  fabrication  problems  can  be  traced  back  to  the  processes  such  as  casting  and  green 
body  preparation  and  attention  is  being  concentrated  in  these  areas.^*^ 

Slip  casting  is  one  of  the  more  promising  methods  of  producing  complicated  ceramic 
shapes  and  is  easily  accomplished  in  a  laboratory  setting.  Many  of  the  parameters  associated 
with  slip  casting  are  relevant  to  other  processes  such  as  pressure  casting,  and  to  a  lesser 
extent,  injection  molding  and  extrusion. 

This  study  examines  some  of  the  parameters  relevant  to  slip  casting  and  the  green  state 
of  silicon  nitride.  Of  these  parameters,  viscosity  was  found  to  be  one  of  the  most  important. 
Generally,  it  is  desirable  to  keep  the  slurry  viscosity  low  with  as  high  solids  loadings  as  possi¬ 
ble.  Outside  of  particle  size  and  shape,  the  primary  viscosity  controlling  factor  is  the  chemis¬ 
try  of  the  interface  between  the  silicon  nitride  particles  and  the  suspending  medium.^  The 
roles  played  by  pH  adjustment  and  dispersing  agents  in  this  regard  are  examined.  Viscosities 
for  different  solids  loadings  were  determined  and  green  body  densities  obtained.  Characteriza¬ 
tion  also  includes  ultrasonic  nondestructive  testing  and  mercury  porosimetry. 

EXPERIMENTAL  PROCEDURE 

The  starting  powder  for  the  bulk  of  these  experiments  is  UBE-SN-E-10.*  Another  similar 
powder,  TOSOH-TS-10,t  was  also  used  for  comparison  purpjoses  in  two  experiments.  Both 
powders  are  synthesized  by  the  thermal  decomposition  of  silicon  diimide  and  both  have  nearly 
identical  sedigraph  particle  size  distribution  curves,  chemical  analysis,  surface  areas,  and  alpha 
phase  content,  as  listed  in  Table  1. 

The  silicon  nitride  powder  was  combined  with  6%  yttria,  2%  alumina  to  form  a  slurry 
with  distilled  water  and  either  a  commercial  dispersant  or  ammonium  hydroxide  for  pH  con¬ 
trol.  The  6%  yttria,  2%  alumina  slurries  were  mixed  overnight  in  plastic  Nalgene  jars.  Sili¬ 
con  nitride  milling  media  were  added  to  the  containers  to  aid  mechanical  dispersion.  The 
slurries  were  de-aired  approximately  10  minutes  in  vacuum  before  testing  and  pouring. 


•UBE  Industrica,  Lid.,  7-2,  Kasumigaieki  3-Oiotje,  Chiyoda-Ku,  Tokyo  100.  Japan. 
iTOSOH  Corp.,  Manyo  Plant  4560,  Tonda.  Sinnanyo-shi,  Yamaguchi-kcn  746.  Japan. 

1.  TORRE,  J.  P.,  and  BIGAY,  Y.  Fabrieadon  of  Silicon  Nitride  Para  by  Slip  Casting.  Cer.  Eng.  Sci.  Proe.,  v.  7-8,  1986  (Cocoa  Beach  Conf.) 
Z  PERSSON,  M.,  HERMANSSON,  L.,  and  CARLSSON,  R.  Some  Aspccu  of  Slip  Carting  Silicon  Nitride  and  Silicon  Carbide  in  Ceramic 
Powders,  Elsevier  Scientific  Publishing  Co.,  /Xmsterdam,  Holland,  1983,  p.  735. 

3.  RABINOVICH,  LEITNER,  S.,  and  GOLDENBERG,  A.  Slip  Casting  of  Silicon  Nitride  for  Prersurelea  Siruering.  J.  Materials  Science,  v.  17 
19«Z  p.  323. 

4.  OLAGNON,  C.  MCGARRY,  D.,  and  NAGY,  E.  The  Effect  of  Slip  Caning  Parameter]  on  the  Sintering  and  Final  Properties  of  SijNt.  Br. 
Ceram.  Trans.,  J.,  v.  88,  1989,  p.  75. 

5.  WHITMAN,  P.  K..  and  FT.KE.  D,  L  Compansnn  of  the  Surface  Charge  Behavior  of  Commercial  Silicon  Nitride  and  Silicon  Carbide  Powder] 
J.  Am.  Ceram.  Soc.,  v.  71  no.  IZ  1988,  p.  1086. 
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Table  1.  COMPARISON  OF  UBE-SN-E-10  AND  TOSOH-TS-10 
SlUCON  NimiDE  STARTING  POWDEFIS 


Chemical  Analysis 
(wt%) 

UBE-SN-E-10 

TOSOH-TS-10 

N 

38.0 

38.0 

0 

20 

1.0 

C 

0.2 

0.05 

a 

0.01 

0.030 

Fe 

0.01 

0.010 

Al 

0.005 

0.005 

Ca 

0.005 

0.005 

Mean  Particle  Size 
(urn) 

0.6 

0.6 

SpecificSurfaca 

Area,  (M-/g) 

11.0 

122 

Alpha-Phase  Content 
(%) 

95 

96 

Since  only  75  grams  of  powder  comprised  each  specimen,  a  small  sample  adapter  was 
utilized  for  the  Brookfield  viscometer  measurements.  The  slips  were  poured  onto  plaster 
of  paris  molds  to  form  either  plates  or  bars,  which  were  allowed  to  dry  several  days  under 
ambient  conditions.  All  green  bodies  were  heated  in  air  to  700“C  for  one  hour  to  drive 
off  moisture  and  burn  out  any  additives.  This  heating  cycle  was  completed  in  about  seven 
hours. 

The  plates,  about  5.5-cm  square  x  0.9  cm  thick,  were  ultrasonically  tested  with  dry  cou¬ 
pling  transducers  to  determine  the  longitudinal  and  transverse  ultrasonic  velocities. 

Young’s  moduli,  the  shear  moduli,  and  Poisson’s  ratio  were  then  calculated  from  these 
velocities.  They  were  then  broken  into  pieces  for  density  measurements  utilizing  a  mer¬ 
cury  autoscan  porosimeter.  Pieces  as  large  as  five  grams  were  used  for  density  measure¬ 
ments,  but  actual  porosimeter  curves  could  only  be  obtained  with  smaller,  one  gram  pieces. 
The  limiting  factors  are  the  porosimeter  sample  cell  size  and  the  limited  volume  of  mer¬ 
cury  in  the  cell  stem  which  could  be  absorbed  by  these  very  porous  green  bodies  under 
pressure. 


pH-CONTROLL£D  VISCOSITIES 

Figure  1  indicates  the  change  in  pH  of  a  silicon  nitride  slip  with  time.  This  slurry,  con¬ 
sisting  of  75  g  of  UBE  powder  and  112.5  g  distilled  water  (40%  solids),  was  continuously 
mixed  in  a  plastic  jar  containing  silicon  nitride  milling  media.  No  additives  were  present  in 
this  powder-water  mixture.  The  pH  was  periodically  obtained  during  the  course  of  four  days 
and  was  found  to  rise  most  rapidly  during  the  first  few  hours. 

This  pH  increase  with  time,  accomoanied  by  a  corresponding  decrease  in  viscosity, 
probably  contributes  to  the  popularity  of  "aging"  slips  in  their  water  environment  before 
casting. 
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Figure  1.  pH  versus  mixing  lime  'or  a  40%  USE  silicon  nitride  -  60%  distilled  water  sluny. 

This  rise  in  pH  with  time  was  also  noted  by  Pivinsidi,  et  al.*  who  suggest  the  nitride  decom¬ 
poses  in  an  initial  time  petiod  of  three  to  five  hours,  after  which  there  is  no  additional  rise  in  pH. 

The  Figure  1  data  confirms  the  pH  increase,  but  at  a  much  slower  rate.  Indeed,  a  pH 
measurement  taken  of  the  Figure  1  slurry  three  days  after  the  final  test  indicated  that  after 
215  hours  the  pH  was  still  rising  slightly  (pH  =  9.49  at  215.22  hou,s). 

P.  Greil  et  al.^  refer  to  the  aging  effect  and  explain  the  pH  change  in  terms  of  sur¬ 
face  compositior.  and  impurity  content  of  the  silicon  nitride  starting  powders.  They  relate 
an  increase  in  pH  to  a  high  dissociation  constant  for  the  nitride  decomposition  proposed 
in  Reference  6,  but  note  that  a  silica-like  surface  area  would  cause  a  pH  drop  due  to  the 
hydrolysis  of  silica  and  disassociation  of  silicon  acid. 

The  pH  change  of  a  silicon  nitride  slip  thus  represents  a  balance  between  the  hydrolysis 
of  the  pure  silicon  nitride  and  the  hydrolysis  of  the  silica  surface  layer. 

Powder  surface  treatments  such  as  preoxidation  and  chemical  leaching  would  increase  the 
availability  of  silicon-oxygen  compounds  on  the  particle  surfaces  and  lower  the  pH.  Such  pro¬ 
cesses  result  in  improved  slips,**  but  sintering  parameters  and/or  the  final  product  may  be 
affected.  Obviously,  manufacturers  would  prefer  not  to  pretreat  but  to  use  the  starting  pow- 
den  as-received.  Careful  characterization  then  becomes  necessary,  for  the  as-received  particle 
surface  chemistry  will  dictate  processing  parametets  and  achievable  viscosities. 

6.  PrVINSKJI,  YU.  E.,  PODOBEDA.  L.  G..  BURAVOV,  A.  D ,  ami  POLU8ATONOVA.  L  P.  Some  Pmpemes  of  Aqueous  Silicon  Nitride  Sus¬ 
pensions.  Poroshkovaya  Melallurgiya.  no.  3  (159),  March  197<>.  p.  37. 

7.  GREIl,  P.,  NAGEL,  A,  STADEL.MANN,  tt.,  and  PETZOW,  G.  Review;  CoiloidaJ  Processing  of  Silicon  Nitride  Ceramics.  Ceramic  Maleri- 
als  and  Components  for  Engines,  p.  319, 

8.  STADELMANN,  U.,  PETZOW,  G.,  and  GREIL  P.  Effects  of  Surface  Purificatiott  on  trie  Properties  of  Aqueous  Silicon  Nitride  Suspensions. 

3.  European  Ceramic  Sociely,  v.  5,  1989,  p.  155. 
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The  high  pHs  attained  by  the  Figure  1  slurry  would  Indicate  the  presence  of  very  little 
silica,  or  rather  a  relatively  thin  silica-like  surface  layer  on  the  UBE  starting  powder.  The 
continuing  rise  of  pH  with  time  might  correspond  to  the  exposure  of  new  silicon  nitride  sur¬ 
face  areas,  either  from  the  breakup  of  the  silica-like  particle  coating  or  the  breakup  of  the 
particles  themselves.  The  latter  is  likely  to  be  negligible  in  a  mixing  rather  than  a  milling 
operation. 

An  indication  of  the  amount  of  silicon  oxygen  compounds  on  the  particle  surfaces  of  the 
UBE  powder  of  this  study  was  determined  by  an  oxygen  analysis  performed  by  Luvik,  Inc.  of 
Boylston,  MA.  A  slurry  was  prepared  identical  to  the  slurry  of  Figure  1.  Eight  samples  « 

were  withdrawn  from  this  second  slurry  over  the  course  of  several  days.  These  samples  were 
dried  and  the  resulting  powder  analyzed  for  oxygen  content.  Test  results  indicated  no  signifi¬ 
cant  change  in  oxygen  with  either  pH  or  time  during  the  course  of  this  experiment.  All  sam-  # 

pies  indicated  about  1.37%  oxygen,  consistent  with  the  1.3%  oxygen  listed  in  the  UBE  data 
sheets.  Of  this  amount  of  oxygen  present  in  the  samples,  approximately  70%  is  estimated  to 
be  concentrated  at  the  particle  surfaces  in  powders  processed  by  the  UBE  route.  The  pow¬ 
ders  of  this  study,  therefore,  have  a  relatively  thin  silica-like  particle  coating  accounting  for 
approximately  0.%%  oxygen  impurity. 

The  graph  in  Figure  2  demonstrates  the  dependence  of  slip  viscosities  on  pH  for  the 
as-received  UBE  powder  with  the  6%  yttria,  2%  alumina  sintering  aids.  It  is  well  known 
that  slip  viscosities  will  drop  with  either  very  high  or  very  low  pH,  as  powder  particles  of 
either  positive  or  negative  charge  will  repel  each  other.  Zeta  potential  measurements  as  a 
function  of  pH  can  be  used  to  determine  optimum  slurry  conditions.  Highly  negative  and 
highly  positive  zeta  potentials  correspond  to  highly  charged  particles  and  good  dispersion, 
with  the  worst  slurry  conditions  occurring  at  a  zeta  potential  near  zero.  For  silicon 
nitride,  the  zeta  potential  isoelectric  point  occurs  at  a  pH  of  5  to  6  (see  Reference  7,  8, 
and  10).  High  zeta  potentials  correspond  to  pHs  below  3  and  above  9.  Slips  are  not  gen¬ 
erally  produced  in  the  low  pH  range  since  the  viscosities  are  optimized  at  such  highly 
acidic  slips  that  equipment  and  mold  lifetimes  are  significantly  reduced.  Other  considera¬ 
tions  include  the  effectiveness  of  commercial  processing  additives  and  compatibility  of  sinter¬ 
ing  aids  in  an  acid  environment. 

The  Figure  2  basic  pHs  were  adjusted  with  ammonium  hydroxide.  As  the  soiids  loadings 
increase,  the  Figure  2  curves  become  steeper  and  move  to  the  right.  Higher  pHs  are  neces¬ 
sary  to  obtain  optimal  low  viscosities  as  the  particles  pack  closer  together.  At  the  highest  sol¬ 
ids  concentrations,  small  changes  in  pH  result  in  large  viscosity  changes  until  minimum 
viscosities  are  achieved. 

Silicon  nitride  slips  are  notoriously  pseudoplastic  (see  Reference  2,  4,  and  11).  The  • 

extent  of  this  shear-thinning  is  evident  in  Figure  3,  where  higher  shear  rates  result  in  lower 
measured  slip  viscosities.  Since  shear  rate  sensitivity  decreases  at  higher  values,  there  is  an 
advantage  to  working  at  higher  shear  rates  for  data  comparison  and  reproducibility.  Also,  • 

thixotropic  effects  are  reduced  at  higher  shear  rates.’*  Subsequent  figures  in  this  study 
include  data  at  different  shear  rates  to  further  characterize  the  shear  thinning  effect. 


9.  DANFORTH,  S.  C,  and  HAGGERTY,  J.  S.  J.  Am.  Ceram,  Soc.,  v.  66.  1983,  c.  58. 

10.  SHAW,  T.  M.,  and  PETHIC/V  B,  A.  Preparation  and  Sintering  of  Homogmeota  Silicon  Nitride  Gixert  Corrwacts.  J.  Am.  Ceram.  Soc.,  v.  69, 
no.  2,  1986,  p.  88. 

11.  MOORE.  F.  The  Rheology  of  Ceramic  Slips  and  Bodies.  Br.  Ceramic  Research  jVssocialion  10  28-58  (iry  Trans.  Bril.  Ceram.  Soc.. 
starring  '59). 
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Figure  2.  Viscosity  versus  pH  for  silicon  nitride  slurries  at  stiear  rata  = 
39.6/sec.  As  the  solids  concentrations  Increase,  the  curves  tjecome 
steeper  and  higher  pHs  are  necessary  to  obtain  optimal,  low  viscositiss. 
The  lowest  viscosities  for  each  solids  concentration  is  plotted  In  Figure  4. 


Figure  3.  Viscosity  versus  shear  rate  The  viscosities  are  less  shear- 
sensitive  at  higher  shear  rates  and  lower  solids  concentrations. 
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Figure  4  indicates  the  lowest  attained  viscosities  for  the  UBE  silicon  nitride  with  6% 
yttria,  2%  alumina  slurries.  These  viscosities  were  obtained  by  noting  the  pH  and  solids 
concentrations  of  the  minimum  viscosities  in  Figure  2.  The  left  axis  indicates  the  mini¬ 
mum  pHs  needed  to  attain  the  viscosities  while  the  right  axis  indicates  the  corresponding 
solids  content.  The  pH  values  rise  at  approximately  the  same  rate  as  the  solids  concentra¬ 
tions  within  the  range  exhibited  in  Figure  4.  As  can  be  seen,  the  curve  starts  to  flatten 
at  about  60%  solids  concentrations.  Additional  solids  result  in  large  viscosity  increases,  lim¬ 
iting  slip  casting  to  solids  concentrations  under  65%  for  this  type  of  slurry. 


pH  Solids  -  X 


Viscosity  -  centipoise 

Figure  4.  Lower;  attained  viscosities  for  solids  concentrations  (right  axis)  at 
the  corresporwing  nHs  (left  axis).  The  middle  curve  (shear  rate  =  39.6/sec) 
can  tie  determined  from  the  minimum  viscosities  in  Figure  2. 

SUPS  WITH  COMMERCIAL  ADDITIVES 

A  commercially  av.  liable  dispersant,  Darvan  C,*  was  added  to  several  slips.  Darvan  C  is  an 
ammonium  polymethacrylate  aqueous  solution  containing  25%  solids.  Varying  amounts  of  this  liq¬ 
uid,  about  0.2%  to  0.4%  of  the  slurry'  solids  content,  was  found  to  optimize  the  slip  viscosities. 
The  slips  containing  the  Darvan  C  additive  behaved  similarly  to  slips  without  the  additive  but  at 
lower  pHs.  Shear-thinning  behavior  was  still  evident.  As  can  be  seen  in  Figure  5,  the  effect  of 
this  additive  was  to  lower  the  pH  at  which  the  minimum  viscosity  was  reached. 

An  advantage  to  using  Darvan  C  is  easier  viscosity  control  since  a  small  amount  of  this 
additive  lessens  the  need  for  the  pH  -  controlling  ammonium  hydroxide  which  is  volatile  (and 
pungent).  Also,  the  more  highly  basic  slips  can  be  detrimental  to  equipment  and  molds. 

•R.  T.  Vai.  erbuilt  Co.,  Norwalk,  CT. 
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Finally,  the  zeta  potentials  of  the  yttria  and  alumina  sintering  aids  are  closer  to  the  silicon 
nitride  zeta  potential  in  the  less  basic  Darvan  C  slips.  A  disadvantage  is  the  inclusion  of  a 
burn-out  step  in  the  removal  of  this  additive,  although  residual  ash  (0.04  wt%)  is  minimal.*^ 


Figure  5.  Lowest  attained  viscosittes  for  Darvan  C  slunies  for  solids  concentra¬ 
tions  (right  axis)  at  corresponding  pHs  (left  axis).  Compariso. .  with  Figure  4 
Indicaies  the  same  optimal  viscosities  are  achieved  at  lower  pH  values. 

Approftimately  0.05%  of  another  commercial  dispersant,  Lignosoi  NST-150,*  was  added  to 
some  slips.  Slurries  containing  this  lignosulphonate  wood  derivative  did  not  exhibit  uniform 
rheological  behavior.  Some  of  the  slips  with  high  solids  concentrations  were  rheopectic,  but 
this  could  be  exacerbated  by  the  small  sample  sizes  which  dry  quickly.  Shear-thinning  was 
much  reduced,  and  a  slurry  containing  the  very  low  solids  concentration  of  35%  was  dilatant 
at  the  lowei  shear  rates.  This  is  illustrated  in  Figure  6.  The  Figure  6  axes  are  the  same  as 
the  Figure  3  axes  for  easier  comparison.  Reference  2  also  notes  a  marked  shear-sensitivity 
decrease  in  slurries  containing  a  lignosulphonate  dispersant. 

Any  advantage  to  using  lignosulphonate  dispersants  must  be  weighed  against  the  difficulty  of 
burning  the  additives  out  of  the  resultant  green  bodies.  A  crucible  containing  Lignosoi  NST-150 
was  heated  to  800°C  for  three  hours  in  air  afier  which  0.71%  solid  residue  yet  remained. 

Four  slips  were  prepared  with  0.6%  Polyglycol  £400,'^'  a  plasticizer.  Green  bodies  con¬ 
taining  this  additive  seemed  somewhat  less  prone  to  cracking,  but  the  liquid  slips  were  very 
slightly  more  viscous.  This  can  be  seen  in  Figure  7,  which  compares  the  resulting  viscosities 
of  ail  the  slurries  of  this  study. 


•Daishowa  Chemicals,  Inc.,  Quebec,  P.  Q.,  Canada. 
tOow  Chemical  Co.,  Midland,  MI. 

12.  SHEPPARD,  L.  B.  The  Chan^’^^  Oemand  fo'  Ceramic  Addithrs.  Ceramic  BuMeiin.  v.  69,  no.  5,  1990.  p.  80Z 
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Two  slips  were  prepared  from  an  as-received  TOSOH  silicon  nitride  powder  in  an  identi¬ 
cal  fashion  as  the  UBE  slips  of  Figures  3  and  4.  The  pH-controlIed  viscosity  data  from  these 
two  slips  are  also  included  in  Figure  7.  All  the  Figure  7  slurries  contain  the  6%  yttria,  2% 
alumina  sintering  aids.  The  single,  high  shear  rate  of  79.2/sec  was  chosen  to  more  easily  com¬ 
pare  the  data. 

Ail  the  slurries  tend  to  follow  a  general  curve,  with  the  polyglycol  additive  (PEG)  slurries 
slightly  under  the  curve,  and  the  TOSOH  slurries  slightly  above  the  curve  in  a  higher,  more  desir¬ 
able  region.  Whether  controlled  by  pH  alone  (ammonium  hydroxide),  or  with  the  aid  of  disper¬ 
sants,  the  slurries  of  the  as-received  starting  powders  all  have  limiting  viscosity  and  solids 
concentration  values  within  3%  of  the  Figure  7  curve.  Changes  in  powder  surface  treatments  or 
particle  shape,  size,  or  distribution  appear  to  be  necessary  to  significantly  alter  this  curve. 

GREEN  BODY  CHARACTERIZATION 

Slip  casting  requires  a  low  viscosity  for  the  slurry  to  he  poured  and  dewatered,  especially 
for  intricate  shapes.  At  the  same  time,  a  high  solids  concentration  is  necessary  to  minimize 
shrinkage  and  achieve  a  dense,  sinterable  green  body. 

Cracking  was  evident  in  green  bodies  cast  with  solids  concentrations  under  52%  and 
exceeding  62%  with  or  without  the  commercial  dispersants.  It  was  noted  that  the  cracking 
was  somewhat  abated  in  slips  containing  the  PEG  plasticizer  and  in  slips  which  were  dried  in 
a  high  humidity,  low  temperature  environment. 

Densities  and  porosimeter  curves  were  obtained  for  green  bodies  cast  of  slips  within  the 
34%  to  62%  solids  range  and  dried  under  ambient  conditions.  Two  of  the  slips  were  comprised 
of  the  TOSOH  starting  powden,  the  rest  of  the  UBE  powders.  Four  of  the  UBE  slips  con¬ 
tained  about  0.3%  Darvan  C,  and  four  other  UBE  slips  contained  0.6%  Polyglycol  E40(). 

Densities  of  small,  porous  green  bodies  arc  not  easily  measured.  Geometric  densities  arc 
not  adequate  for  very  small  samples,  especially  if  the  shapes  arc  not  exactly  regular.  Combina¬ 
tions  of  coatings  and  the  waler-Archimcdcs  mcthixl  proved  difficult  to  implement,  although 
Reference  13  describes  a  glucosc-Archimedcs  method  which  is  succc.ssfui  with  green  bodies  of 
low  porosity.*^ 

Densities  were  obtained  by  placing  c.ach  specimen  in  a  porosimeter  sample  cell.  Mercury 
was  intrcxluccd  into  the  cells  under  atmospheric  pressure.  The  measured  sample  weights  and 
the  combined  mercury-sample  weights,  together  with  the  known  cell  volumes  and  mercury  den¬ 
sity,  were  utilized  to  calculate  the  sample  densities.  These  densities  were  plotted  against  sol¬ 
ids  concentrations.  The  somewhat  scattered  results  comprise  Figure  8  from  which  a  few 
general  trends  can  be  noted. 

The  green  body  densities  in  this  study  generally  rise  with  solids  concentrations,  which  is 
to  be  expected.  The  better  densities  were  achieved  with  the  TOSOH  starting  powders,  and 
the  wmst  with  the  slurries  containing  the  PEG  additive.  This  detrimental  effect  might  be  off¬ 
set,  however,  if  cracking  could  be  controlled  by  this  additive  such  that  a  higher  solids  loading 
were  possible. 


1.1.  PT’NNINO.  F..  C,  M  .  Jind  faO'l.I  W.  .Vrvidrjmwrtty  ,>y  iAr /Vn«(v  o/ (Vomwjr  I  ,\m  (Vf:*m  S4K 

V  7Z  1*0.  7,  I'/W,  p.  |2A« 
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Flguf*  8.  Qf9®n  txxJ/  density  versus  solids  coocentrmloo.  1  he 
•omewhot  scattereJ  rosuRS  indicates  a  trend  for  green  densities 
to  tncfMse  with  solids  corKentrations. 


The  green  bexjy  densities  were  confirmed  in  an  interesting  way.  The  intruded  volumes  of 
mercury  were  obtained  from  the  porosimeter  curves  of  all  the  green  bodies.  The  intruded 
volume  was  added  to  the  volume  occupied  by  the  green  b<Miy  solids,  assuming  the  solids  den¬ 
sity  to  be  3.28  g/cc.  (This  composite  density  is  obtained  for  a  6%  yttria,  2%  alumina,  92% 
silicon  nitride  with  individual  densities  of  5.03,  3.99,  and  3.20  g/cc,  respectively.)  The  sample 
weight  was  then  divided  by  the  combined  volumes.  The  resulting  values  comprise  Table  2 
where  they  arc  compared  to  the  densities  previously  obtained  by  the  modified  mercury 
Archimedes  method.  It  is  readily  apparent  that  the  densities  calculated  from  mercury  intru¬ 
sion  agreed  very  well  with  the  more  conventionally  obtained  densities.  In  many  cases,  the 
values  match  to  all  three  significant  digits.  The  minor  discrepancies  occur  at  the  higher 
densities  for  several  reasons.  One  is  that  the  sample  passageways  become  so  small  that 
higher  applied  pressures  must  be  utilized  for  more  complete  mercury  intrusion.  7110  porosi¬ 
meter  curves  flatten  so  gradually  at  these  higher  pressures,  it  is  difficult  to  estimate  the  final 
total  intrusion  values.  It  is  even  prissiblc  that  the  higher  density  green  bodies  contain  a  very 
small  volume  of  p<irosily  which  is  not  surface  connected.  These  possibilities  favor  an  error 
which  would  give  artificially  high  density  values,  which  is  the  case  here.  Nevertheless,  the 
close  agreement  of  the  densities  in  Table  2  indicates  the  Figure  8  scatter  is  more  likely  due 
to  inconsistencies  in  pH  and  powder  measurements  than  green  density  measurements. 

Figures  9a  and  9b  arc  representative  porosimeter  curves  for  samples  of  the  same  mass  but 
different  densities.  The  Figure  9a  graph  illustrates  the  trend  for  mercury  to  enter  the  low  den¬ 
sity  samples  under  a  low  pressure,  followed  by  a  sleep  intrusion  curve  which  levels  olT  quickly. 
T?)c  higher  density  curves,  however,  start  at  higher  initial  pressures,  then  rise  and  level  off  more 
gradually,  as  illustrated  in  Figure  9b. 
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TabtoZ.  COMPARISON  OF  DENSITIES  CALCULATED  BY  TOTAL  INTRUDED  MERCURY  (SAMPLE 
MASS/COMBINED  VOLUME)  AND  BY  THE  MODIFIED  MERCURY-ARCHIMEDES  METHOD 
(CONVENTlONAaY  MEASURED  DENSITY) 


Sample 

Descilpiion 

Porosimetef 
Sample  Mass 

(g) 

Ifttruded 

Volume 

(cc) 

Solids 

Volume 

(cc) 

Sample  Mass 
Combined  Volume 
(g/cc) 

Conventionally 
Measured  Density 
(g/cc) 

U6E 

0.911 

0.3795 

0.2779 

1.37 

1.37 

UBE 

0.864 

0.3195 

02633 

1.46 

1.47 

UBE 

1.26S 

0.4526 

03857 

1.51 

1.51 

UBE 

1.296 

0.4020 

0.3951 

1.63 

1.61 

UBE.0«vwC 

0.923 

03623 

0.2814 

1.39 

1.39 

UBE,  OarvanC 

1.063 

0.4046 

0.3302 

1.47 

1.47 

UBE,  Oaryan  C 

1.070 

0.3921 

03262 

1.49 

1.46 

UBE,  Darvan  C 

1  253 

04245 

03820 

1.55 

1.54 

UBE,  PEG 

102 

0.4525 

0.3110 

1.34 

1.38 

UBE,  PEG 

1.13 

04554 

03445 

1.41 

1.41 

UBE,  PEG 

1.48 

05^ 

0  4512 

1.45 

1.42 

UBE,  PEG 

1.30 

0.4610 

0  3964 

1.52 

1.52 

TOSOH 

1  365 

04252 

04161 

1.62 

1.65 

TOSOH 

1  033 

0  292 

03149 

1.70 

1  68 

0.5 


Volume, 

I 


0.4  r 


0.3  r 


0  2- 


0.1 


Soeciften  T145S  .  v03 ; 

Oeuitv  •  1.33f;.'c; 

UBG  j'3rt.n-5  ocw<3«r 
Poiy<j'ycoi  5  4 


2  3  4  5 
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Figure  9a.  intruded  Hg  volume  versus  pressure  for  a  low  density  sample. 
The  low  pressure  at  which  intrusioo  begins  (c1000  psi)  followed  by  rapid 
complete  intrusion  is  typical  o<  the  low  derisrty  green  txicies  ot  ihis  study 
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Volume,  CC 


Rguredb.  Intruded  Hg  volume  versus  pressure  for  a  highof  deraly  sampte. 

Meroxy  intrusion  begins  at  a  higber  pressure  (c2000  psi)  and  Imela  off  more 
ak3*t*f,  Indicating  the  narroivor  arK)  more  distributed  parHcia  spaces  typical  ol 
ffre  higher  darrsity  green  bodies  ol  this  study. 

From  this  rlita  it  can  be  inferred  that  the  green  bodies  have  no  channels  or  passageways 
larger  than  the  size  associated  with  the  initial  intrusion  pressure.  This  docs  not  mean  that 
very  large  pores  do  not  exist  within  the  green  bodies;  it  is  only  the  size  of  the  interconnect¬ 
ing  passageways  which  affect  the  intrusion  pressures.’^  Denser  green  bodies  have  narrower 
median  passageways,  but  a  much  wider  passageway  size  distribution,  as  inferred  by  the  flatter, 
more  elongated  porosimeter  curves. 

These  observations  are  illustrated  in  Figure  10.  The  lower  curve  indicates  the  pressures 
at  which  the  mercury  first  intrudes  the  samples.  The  upper  curve  is  the  median  pressure  at 
which  the  greatest  influx  of  mercury  occurs. 

It  is  apparent  in  Figure  10  that  the  intrusion  pressures  rise  rapidly  as  the  green  densi¬ 
ties  approach  1.7  g/cc.  Perhaps  specimen  cracking  beyond  these  densities  arc  due  to  diffi¬ 
culty  in  dewatering  the  slurries  as  the  intcrparticlc  passageways  become  too  narrow  or  even 
nonexistent. 

Ultrasonically  determined  moduli  were  obtained  for  the  green  bcxiics  of  Figure  10. 

Young’s  modulus,  E,  and  the  shear  modulus,  G.  were  calculated  from  the  following  equations: '■' 


14.  LEF.,  H.  H.  D.  ValiiUrf  nf  Mmurt  PnmMmfoy  lu  Charoctmt  the  Port  Seructum  nf  f  jromK  Grrm  Comf^a.  J.  Amrr.  Cenm.  S<x.. 
V.  73,  no.  8.  IW.  p.  iV)5. 

13.  MCGONNAOl.H,  W.  J.  fjondfscntclitt  Tf.mnf.  Oofxioo  ami  Breach.  Science  PuNiahen,  Inc.,  New  Yort,  NY.  I'M!,  p.  211. 
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E  =  v)  (l-2v)/(l-v) 


(1) 


G  =  PV, 

where  P  =  material  density,  =  longitudinal  wave  velocity,  Vj  =  transverse  or  shear  wave 
velocity,  and  P  =  Poisson’s  ratio  =  (E/2G)  -  1. 


Flgur*  10.  Intoaiofi  prassurea  versua  daoaity.  The  initlaJ  arxJ  median 
Intrusion  preasurea  rise  more  quickly  with  density  as  the  channeta 
between  particles  become  narrower. 

These  equations  are  commonly  employed  with  fully  dense,  isotropic  materials,  but  evi¬ 
dence  of  validity  with  porous  sintered  ceramics  has  recently  been  established.’*  It  has  not 
yet  been  fully  determined  that  the  moduli  in  ceramic  green  bodies  can  be  accurately  calcu¬ 
lated  by  the  previous  formulae.  Nevertheless,  linear  relationships  between  the  acoustic  moduli 
and  green  body  densities  in  alumina  and  steatite  have  been  demonstrated.’^  Linear  relation¬ 
ships  were  al.so  found  for  the  silicon  nitride  green  bodies  of  this  study,  as  illustrated  in 
Figure  11.  From  this  figure  it  can  be  seen  that  most  of  the  combined  density  data  fall  on  sin¬ 
gle  straight  lines,  with  the  exception  of  the  specimens  which  contained  the  Polyglycol  E400 
additive.  These  specimens  fall  on  separate,  lower  lines.  Evidently,  ultrasonic  velocities  arc 
sensitive  to  differences  in  green  bodies  processed  with  this  additive.  The  differences  arc 
likely  structural  and  could  affect  subsequent  sintering.  A  more  detailed  analysis  of  the  ultra¬ 
sonic  data  is  presented  in  Reference  17. 


16,  BHARDWAJ,  M.  C  Simpk  Ultrasonic  SOC  ftff  Advanced  Ceramics  CkyHopment  and  Manufacture.  Pmctrdingi  of  Pnxra.1 

Mcxkrling  arxl  Mcch^ntcal  Bchavmf.  Anahetm,  CA,  Fcbmary  19-22,  I9*X). 

17.  QUINN,  J.,  and  TARDIFF,  L.  Ultrasonic  Evaluatum  of  Silierm  SitnJe  Grrm  Btxiies.  U  S.  Anny  MaicnaU  TcchnokifEy  l-iNiratory,  MTl. 
TR  9119,  May  1991. 
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Density  -  g/cc 

Ftguf*  11.  Ultrasonicalty  determined  Young's  modulus,  E,  versus  density. 
The  samples  wtiich  cortained  ttie  polyglycol  addiiivo  (PEG)  comprise  the 
lower  line,  while  the  other  samples  follow  the  higher  line. 


CONCLUSIONS 

Slip  casting  of  silicon  nitride  with  6%  yttria,  2%  alumina  is  controlled  by  numerous  inter¬ 
dependent  variables,  including  solids  concentration,  pH,  viscosity,  and  commercial  processing  addi¬ 
tives.  These  variables  can  be  optimized  for  starting  powders  in  the  as-received  state,  but  initial 
powder  characterization  will  dictate  achievable  parameten.  Further  optimization  would  necessi¬ 
tate  powder  surface  treatments  or  changes  in  physical  powder  characteristics;  e.g.,  milling. 

A  relatively  narrow  range  of  slurry  solids  concentrations  resulted  in  good,  uncracked  green 
bodies  with  the  upper  limit  of  this  range  producing  the  densest  samples.  Porosimetry  results 
suggest  difficulty  in  extending  this  range  if  cracking  is  due  to  closed  or  narrow  interparticle 
channels  within  the  specimen  which  would  hinder  dewatering  and  drying. 

Nondestructive  ult-asonic  testing  revealed  a  linear  relationship  between  ultrasonic  moduli 
and  specimen  densities,  and  also  indicated  differences  in  specimens  processed  with  a  commer¬ 
cial  plasticizer. 
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